Abstract: Surrogate safety measures (SSM) as indicators of accidents are useful tools in safety evaluations. Nowadays, developing intelligent vehicles without drivers in order to reduce the human errors is a popular topic in civil engineering. Such vehicles are equipped with intelligent collision avoidance systems (CAS), in which safety indicators are applied as warning strategies. Heretofore, different safety indicators have been developed, but most of them are suitable for rear-end conflicts. In this paper, a new framework is proposed to calculate the risk of sideswipe collisions at each instant based on SSM. For this purpose, time-to-collision (TTC) and post-encroachment time (PET), as the most important time-based indicators would be applied and a new method would be presented to calculate these indicators. The application of the framework is illustrated by microscopic traffic data for an arterial road. In all, the new framework has three main applications: 1-As a warning strategy for CAS, 2-Specifying dangerous positions and 3-Identifying aggressive drivers.
Introduction
There are three main approaches for safety estimations: 1-Using crash frequency or crash rates over a short-term or long-term period, 2-Indirect safety measures and 3-Statistical analysis technique. Indirect safety measures refer to traffic conf lict technique (TCT), which does not need crash data for analysis (HSM, 2010) . Because of the difficulties to collect crash data due to the lack of detailed and comprehensive data, TCT has become popular for safety analysis in recent years. TCT first has been formally applied by Perkins and Harris (1967) in General Motors Corporation. Their approach was to observe and count situations in which vehicles take evasive maneuvers to avoid collision. However, this procedure was difficult and imprecise because of the human errors and limitations (Chind and Quek, 1997) . Therefore, gradually objective methods replaced, which depend on surrogate safety measures (SSM). SSM are indicators of evasive maneuvers and if being defined properly are suitable tools to detect dangerous situations (Barcelo et al., 2003; Archer, 2005; Gettman and Head, 2003; Craveiro Cunto, 2008; Garber and Gousios, 2009; Sobhani et al., 2013; Young et al., 2014) . SSM have been developed for two main purposes: 1-Calculating the probability of a collision occurrence (collision risk) and 2-Calculating the outcomes of a potential collision (collision severity).
Car-manufactures are trying to develop intelligent vehicles that can travel without driver. Such vehicles must be equipped with collision avoidance systems (CAS) which can detect any collision risk. A warning strategy must be defined for CAS to detect any collision risk soon enough to apply a proper reaction. SSM as indicators of accidents are suitable for this purpose (Saffarzadeh et al., 2013) .
Heretofore, va r ious SSM have been developed for different types of facilities and conflicts, but most of them are suitable to determine rear-end collision risk. In literature, there is no clear methodology to determine the risk of sideswipe collisions by indirect methods. Also in the calculation of SSM, motion characteristics of vehicles are usually neglected. Therefore, in this paper a new framework is developed to calculate the sideswipe collision risk, based on the motion characteristics of vehicles.
Literature Review
In this section, first SSM are reviewed and then the recent developments in the calculation of one of the most important time based indicators, namely time-to-collision (TTC) will be observed.
Surrogate Safety Measures
• Time-To-Collision (TTC) TTC first was defined by Hayward (1971) as the time that remains until a collision occurrence between two vehicles if the collision course and speed difference are maintained constant (Hay ward, 1971 ). When TTC is small, there is an imminent danger of collision (Vogel, 2003) . TTC for rear-end conflicts can be calculated by Eq.
(1) (Minderhoud and Bovy, 2001) .
Where;
TTC : Time-to-collision, X : Vehicle position (L: leading and F: following), X  : Vehicle speed (L: leading and F: following), l : Vehicle length.
• Post Encroachment Time (PET)
PET is the difference between times that a vehicle enters a conflict point until another vehicle arrives to this point (Cooper, 1983) .
W hen PET is small; there is a potential danger of collision (Vogel, 2003) . Fig. 1 displays the procedure for calculating PET in a highway. 
Post Encroachment Time (PET) in a Highway

• Deceleration Rate to Avoid Collision (DRAC)
Deceleration rate is a good measure to detect dangerous maneuvres. DRAC is the rate at which a vehicle must decelerate to avoid a probable collision. For vehicles, travelling in the same path DRAC is (Archer, 2005) :
• Proportion of Stopping Distance (PSD)
The PSD is the ratio of distance that is available between two vehicles and the distance, which is required to avoid a collision with the maximum available deceleration rate (MADR) (Brian et al., 1978) .
• Crash Potential Index (CPI) 
• Unsafe Density (UD)
UD tries to consider the severity of a potential crash if the leading vehicle decelerates with maximum braking capacity. Assuming a collision has occurred in a car-following situation then (Barcelo et al., 2003) :
Where; b: Deceleration rate of leading vehicle, b max : Maximum possible deceleration rate of leading vehicle.
• Max Speed (MaxS)
It is the maximum speed of vehicles involved in the conflict. MaxS is an effective measure to consider the severity of the collision (Gettman and Head, 2003) .
v ∆ is the relative speed of vehicles involved in the conflict. In addition, this measure is for reflecting the collision severity (Gettman et al., 2003) .
• Kinetic Energy
From Newtonian physics, we know that a moving vehicle has a kinetic energy as Eq. (6) (Sobhani et al., 2011) : W hen the subject vehicle collides with another vehicle, the kinetic energy will reduce and changes to heat and deformation in the vehicle. The kinetic energy transferred to the subject vehicle is (Sobhani et al., 2011) :
Where; s KE : Kinetic energy transferred to the subject vehicle and s X ∆  : Speed change of the subject vehicle before and after the collision.
In Table 1 a summarized review of the SSM is presented. 
TTC Improvements
There has been two major limitations in the conventional definition of TTC, 1-Vehicles continue with constant speed until collision occurrence, 2-Being suitable for rear-end conf licts. To resolve these disadvantages, Saffarzadeh et al. (2013) proposed a general formulation for TTC, which considers the motion characteristics of vehicles until collision occurrence and Laurshyn et al. (2010) developed a new method to calculate TTC for different angles of collision (Saffarzadeh et al., 2013; Laurshyn et al., 2010 ).
• General Formulation for Time-ToCollision (GTTC) Saffarzadeh et al. (2013) considered motion characteristics, being variable in the TTC calculation process.
They suggested a theoretical formulation to calculate TTC, if assuming that the (k) th derivative of position being constant. X F and X L are considered as the position of following and leading vehicles in a carfollowing situation (Saffarzadeh et al., 2013) .
: n th derivative of X , for instance Eq. (9) has been defined as the necessary and sufficient condition for rear-end collision:
Replacing Eq. (8) into Eq. (9), results in k th degree polynomial whose solution is TTC:
TTC is the minimum, non-zero and real (non-complex) solution of Eq. (10), (for t).
• Time-To-Collision for a Moving Line Section and a Point Laureshyn et al. (2010) suggested calculating TTC between two vehicles at any angle that they might have a collision. They stated that in any possible collision, a corner of one of the vehicles touches one side of the other one. Therefore, a new concept for TTC has been developed which calculates TTC between a moving line section and a point (Laurshyn et al., 2010) .
Consider a line section named "ab", with (r 1 , s 1 ) and (r 2 , s 2 ) as the initial coordinates of its end points and a point named "p", with current coordinates (r 3 , s 3 ). Based on equations of motion the position of point "p", t seconds later is:
Where; The same as Eq. (11), the coordinates of line section end points, t seconds later would be: 
Here 
Methodology
Various SSM have been developed to determine the collision risk, but most of them are suitable for rear-end conflicts. Therefore, there are some problems in the process of calculating sideswipe collision risk:
1. It is not clear which safety indicator must be applied at each instant to calculate the sideswipe collision risk.
2. I mprovement s wh ic h have been suggested by Saffarzadeh et al. (2013) and Laurshyn et al. (2010) are merely for TTC. Now it is not clear, how other SSM must be improved in order to consider the motion characteristics.
3. The procedure illustrated by Laurshyn et al. (2010) to calculate TTC for different angles is challenging. In their method, the motion of both vehicles has been considered to be constant speed. In addition, the parameters such as the coordinates of two points of the subject vehicle, slope of the subject and the bullet vehicle in relation to the horizontal axis are needed at each instant to calculate TTC. Investigations show that DR AC, the CPI and PSD cannot be helpful to determine the sideswipe collision risk. Because unlike the rear-end and head-on conflicts, in sideswipe conflicts, it is not necessary for vehicles to decelerate to speeds near zero (the main condition in developing DR AC, PSD and CPI).
Here even slight changes in the speed of each vehicle can help avoiding the collision. In addition, DRAC, CPI and PSD, only consider the specifications of one vehicle while TTC and PET consider the motion characteristics of a pair of vehicles simultaneously. Thus, just PET and TTC are selected for calculating the risk of sideswipe collisions.
For sideswipe collisions, first it should be determined if two vehicles have a collision course and then calculating PET and TTC. In a general scenario like Fig. 2 , vehicle "a" is the subject vehicle and vehicle "b" is the bullet vehicle and the angle of collision is α. We consider each vehicle as a point with the initial coordinates displayed in the Fig.  2 . It should be mentioned that to reduce the parameters, always the initial position of the subject vehicle would be considered (0,0) and the horizontal axis is the longitudinal edge of the subject vehicle. 
Fig. 2. A General Scenario for Sideswipe Collision
Based on the motion equations, t seconds later the position of each vehicle can be presented by Eq. (16), if considering the k th time derivative of position being constant.
At the collision point, the horizontal and vertical coordinates of both vehicles must be the same. 
PET Calculation
PET refers to the time difference that the first vehicle passing the collision point, until the second one arrives. In order to calculate PET, first it should be checked if vehicles have a collision point as described in the previous section. Then the algorithm presented in Fig. 3 , would be applied to calculate PET.
Step 1-Consider t2 as the time that the bullet vehicle arrives to the collision point
Step 2-Calculate xb(t2) (equation 16)
Step 4-Calculate t1 for subject vehicle based on the equation of step 3. t1 is the time that the subject vehicle arrives to the collision point
Step 5-2 1
PET t t = −
Step 3-put xa(t1)= xb(t2) Fig. 3 .
The Algorithm of Calculating PET for Sideswipe Conflicts
TTC Calculation
TTC refers to the time remaining to a potential collision. Assume that the subject and the bullet vehicles have a collision point. If t 1 = t 2 then it means that in t = t 1 = t 2 seconds later horizontal and vertical coordinates of both vehicles would be the same therefore TTC = t 1 = t 2 and PET = 0. If t 1 ≠ t 2 then TTC cannot be defined at that moment and just we have a collision point.
Calculating the Sideswipe Collision Risk
Now there is a question, which indicator must be applied to determine the sideswipe collision risk, TTC or PET? To answer this question, it should be reminded that TTC refers to the imminent danger, but PET implies the potential danger. Based on this statement, safety analysis will be done in two layers, TTC in the first and PET in the second layer. The first layer is called RED risk and the second one is YELLOW risk. In fact, at each instant, first TTC must be calculated. When TTC is computable, then the sideswipe collision risk is R ED. Nevertheless PET must be calculated and the risk is YELLOW. Now a method is necessary to calculate the value of RED and YELLOW risks.
To have a better comparison between TTC values at each moment, a mapping function is needed, which gives a value in the range of [0,1] instead of TTC. We know that the collision risk increases when TTC decreases and the risk is expected to have an exponential increase, when TTC is decreasing. Also literature review indicates that, TTC values more than 5 seconds are safe (Hirst and Graham, 1997; Hogema and Janssen, 1996; Van der Horst, 1990) . Based on these conditions, Eq. (17) is proposed to calculate the "RED" risk. Where; SSCR R : RED Sideswipe collision risk. When TTC cannot be computed and just PET is available, a virtual TTC would be defined and named TTC'. TTC'would be considered as the minimum (t 1 , t 2 ) if t 1 , t 2 ≥ 0. Now again SSCR R an be computed with Eq. (17). However TTC' is virtual, since vehicles do not reach to the collision point at the same time and there is a time difference like PET. Whatever the PET value is greater then it means that the difference between t 1 and t 2 is more and the probability of having a real TTC is less. This relationship is also expected to be exponential. Eq. (18) would be applied to calculate the "YELLOW" sideswipe collision risk.
(
).
This procedure is applied as a preliminary method and it should be improved in future research.
For a time interval like T, the overall value of sideswipe collision risk would be determined by Eq. (19). 
Applying the New Framework
In order to calculate SSCR, microscopic traffic data are necessary. Here we have the traffic stream in a section of a freeway in Tehran, capital of Iran with an on-ramp entering an arterial road with no deceleration lane. The section under study has two lanes and during the study period, eight vehicles have entered the section.
There is no lane-change, but lanes are wide enough that two vehicles can move beside each other. Fig. 4 
Characteristics the Section under Study
Based on the proposed framework, the RED and YELLOW sideswipe collision risk can be calculated for each vehicle. Here subject vehicles are 2, 5 and 7 and bullet vehicles are 3, 6 and 8. Vehicles 1 and 4 have no sideswipe collision risk. The results for subject vehicle 2 is presented in Table 2 as an example.
However, in Figs. 5-7, the summarized results can be observed for each subject vehicle.
Results indicate that the sideswipe collision risk for vehicles 5 and 7 is more than vehicle 2. Also the bullet vehicle 6, is driving risky in comparison to 6 and 8. 
